1. Introduction {#sec1}
===============

Soft magnetic silicon (Si) steel with 3 wt.% Si is widely used in electrical applications such as transformers, magnetic shielding, motor stators, and generators where high magnetic permeability and low loss Fe-based materials are required \[[@bib1], [@bib2]\]. This is because grain-oriented, hot rolled, and secondary recrystallized 3.0 wt.% Si steel with Goss texture {110} $001$ has the magnetic properties for soft-magnetic core material for transformers and alternating current (AC) power applications \[[@bib3], [@bib4], [@bib5]\]. However, higher amounts of silicon in steel increase the electrical resistance of the material and further improve the magnetic properties, and the Goss texture is difficult to achieve. For example, with 6.5 wt.% Si, the magnetostriction becomes zero and low eddy current losses are achieved \[[@bib2], [@bib6]\]. Unfortunately, as the Si content increases (≥4%) the material becomes too brittle to be roll processed or stamped without cracking during the production of thin sheets from the lack of ductility attributed to structural ordering of superstructures B2 and D0~3~ types \[[@bib6], [@bib7], [@bib8]\]. The brittleness can be overcome by rapid quenching from the melt, which suppresses the formation of the B2 and D0~3~ type ordered structures in Fe-6.5 wt.% Si (Fe--6Si) alloy. However, the ribbons formed by the rapid quenching process are about 20--60 μm thick and due to the limited size of the ribbon, rapid quenching has not succeeded in industry \[[@bib9]\]. Increasing the Si content and processing to the desired properties is still a challenge with Fe--Si materials.

Typical Fe--Si soft magnetic alloy systems of Fe with 3 wt.% Si can be hot and cold rolled as well as stamped and textured with annealing, but these processing methods require many heat treatments to achieve the required magnetic properties and cannot be used with increased Si content because of the material\'s brittleness \[[@bib10], [@bib11], [@bib12], [@bib13]\]. Hence, the need to increase the Si content further with other methods. Several methods have been developed in order to obtain a high Si content. Vertical type twin roll strip casting achieved 4.5 wt.% Si with Goss texture and no cracking \[[@bib14]\], but the properties were not tested. Steel with high Si content and 0.1 mm-thick was produced using the chemical vapor deposition (CVD) resulted in low core losses, but CVD \[[@bib15]\] process is expensive and produced material with limited success for dynamic and rotating applications due to poor ductility \[[@bib16]\]. Special thermomechanical processing \[[@bib17]\] and hot dipping followed by diffusion annealing \[[@bib18]\] have also been done, but these techniques are also not cost-effective. These fabrication paths retained higher Si contents but still had obstacles in achieving the desired properties, so new manufacturing methods are needed to prepare compositions of higher Si contents, keep costs low, and explore properties.

Some lower cost methods of manufacturing Fe--Si do not yield grain orientation or Goss texturing, but non-oriented Si steel can be post-annealed to achieve texture and large grains \[[@bib16]\], which help improve magnetic properties. Since Goss texturing normally nucleates from shear bands from deformation, it is difficult to achieve in most Si steel processing methods. Also, grain-oriented Si steel is typically achieved in the rolling process or during rapid quenching of the melt. Even in these processes, it is difficult to get grain orientation and texture, but the properties are still comparable or even tailorable when the grain size is large. It was shown that a grain diameter of 100--150 μm is optimal for total core loss with 3 wt.% Si \[[@bib19]\]. Also, it was shown that additional Si content lowers Fe loss and affects the grain size, but non-oriented grains have less rotational loss at 50 Hz compared to grain-oriented ones \[[@bib20]\]. Even rapidly quenched Fe--6Si had to be annealed for a long duration to achieve large grains and any texturing \[[@bib21], [@bib22]\]. When processing high Si steel, the consolidation technique must be considered, and it is better to use methods where the thermal and mechanical stresses are lower to increase the Si concentration.

In terms of shaping Fe--Si without rolling, modern additive manufacturing (AM) techniques can help achieve net shaping, but the microstructure, cracking, and Si contents have needed more development \[[@bib23]\]. Fe with 6.9 wt.% Si was processed with selective laser melting, and the parts experienced some cracking, but by increasing the laser energy input, a crystallographic $001$ fiber-texture can be altered into a cube-texture, which is not as beneficial as Goss texture \[[@bib23]\]. Further, it has been demonstrated that annealing these types of laser-processed parts results in equiaxed grains of roughly 300 μm with $001$ texture retained and the magnetic properties were comparable to other methods of fabricating high Si steel with maximum relative permeability of 24,000 and coercivity of 16 A/m \[[@bib24]\]. Metal injection molding and subsequent debinding and sintering of Fe with 3.8 wt.% Si was demonstrated and achieved large equiaxed grains; unfortunately, no magnetic properties were reported \[[@bib25]\]. Permanent magnets such as NdFeB have been successfully fabricated using big area additive manufacturing (BAAM) and binder jet additive manufacturing (BJAM) using polymer binders \[[@bib26], [@bib27], [@bib28], [@bib29], [@bib30]\], however, these techniques produce parts of up to 70 vol.% magnetic material, which is not high enough density to meet certain performance requirements. Overall, the processing of printed magnetic material through modern manufacturing methods is of interest for many applications, however more work is needed to improve density and evolve the microstructure.

Since the fabrication of high Si content though melting and vapor techniques in net shape is difficult and expensive, solid-state sintering is a good approach to achieve fully dense parts. However, since these materials are harder to shape conventionally, an AM technique relying on solid-state sintering should be appropriate because the powder with the appropriate properties can be printed and sintered to full density without melting, rolling, or using a vapor phase. One such technique is BJAM, which can help make near-net shape parts, thereby mitigating process steps like stamping that result in cracking. Thus, in this study, BJAM was explored. In BJAM, a print-head passes over a bed of metal powders and deposits a polymer binder followed by a simple curing to bind the particles together. The bound powder is then coated with several layers of powder to form the desired near net shape parts. The green parts are then cured and either sintered or infiltrated.

Since Fe--Si steels are brittle above about 3.5 wt.% Si, conventional cold rolling is not possible with higher Si contents. In the present work, Fe-6.5 Si soft magnetic material was printed using BJAM. Parts were cured, followed by debinding, and solid state sintered to high densities without cracking. The parts had excellent magnetic (both direct current (DC) and AC core loss properties) and mechanical properties. The microstructure was revealed with scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) showing grain size, orientation, and texture of solid-state sintered samples. This material represents the first demonstration of additively printed Fe--6Si components without cracking. The soft magnetic properties of BJAM processed 6.5% silicon steel parts with outstanding soft magnetic properties (high magnetic induction, high permeability, and low coercivity) has a huge potential in the power electronics industry.

2. Materials and methods {#sec2}
========================

Fe--6Si powders were procured from Carpenter (PSD067, d~90~ \< 22 μm). SEM images and particle size statistics are shown in [Fig. 1](#fig1){ref-type="fig"}. Particle analysis using laser scattering of dry powders was performed with a Horiba LA-950 particle analyzer with a volume distribution and particle percentage. The powder is spherical and has a size distribution between 6--30 μm with a d~50~ of 13.2 μm. This powder is ideal for BJAM because the spherical powders are easier to spread on the powder bed and, furthermore, can have higher packing than irregular shaped powder particles.Fig. 1SEM image of Fe--6Si powder particles (left) and the Horiba volume distribution and particle percentage data (right).Fig. 1

[Fig. 2](#fig2){ref-type="fig"} shows the schematic diagram of the processing steps for fabricating the specimens used in the current work. The first step usually involves making a computer aided design (CAD) model of the component to be printed. The CAD model is oversized to account for the shrinkage associated with densification during solid state sintering. Using the CAD file, the green part is printed on the machine and is subjected to debinding and sintering to generate the final sintered part. Before printing, the alloy powders are dried in an oven at 100 °C in air for an hour and immediately transferred to the printer. The printing of the Fe--6Si was done using an ExOne Lab BJAM machine. The feed powder to layer ratio was 2.5:1, meaning that more powder is deposited and then smoothed by the roller to get good compaction. Each printed layer was 80 μm thick, the powder spread velocity was 1 mm/s, and binder saturation (amount of binder relative to powder) and powder packing (density of the powder in the bed) were 120% and 45%, respectively. The binder used was ExOne\'s proprietary commercial binder (ProMetal R-1). After printing, the parts were cured at 200 °C for 1 h in air. After curing, the parts were debound by ramping up at 5 °C/min to 630 °C, held at 630 °C for 1 h, ramped to 900 °C at 10 °C/min, and held at 900 °C for 1 h while flowing Ar gas continuously at 300 cubic centimeters per min. After debinding, the parts were solid-state sintered in a W-based vacuum furnace at 1300 °C for 2 h under 10^−5^ Torr vacuum. Most of the characterizations were done on sintered samples. Samples were annealed at two different temperatures, 750 °C for 2 h and 800 °C for 2 h, in flowing pure H~2~ gas after sintering to investigate texturing and grain growth and to determine the effect on core loss properties.Fig. 2Schematic of processing steps where the CAD (left) is realized, parts are printed, green parts are cured and de-powdered (center), and the green part is sintered to fully dense Fe--6Si part (right).Fig. 2

The sintered specimen microstructures were analyzed with SEM using a Hitachi S4800 microscope in backscatter electron imaging mode. Geometric, Archimedes, and areal densities were measured when appropriate. Geometric and Archimedes densities were measured by measuring the part dimensions, dry mass, and submerged mass. Areal density was measured using ImageJ on SEM cross-sections \[[@bib31]\]. Shrinkage was measured with dimensions before and after sintering. Optical images were taken using a Leica DM5000 M LED system. Phase composition was determined by X-ray diffraction (XRD) with continuous θ-2θ scans performed on the PANalytical Empyrean diffractometer from nominally 5--90° 2θ with Cu Kα radiation and matched with HighScore Plus software database. EBSD was carried out on a Joel 6500 Microscope equipped with an EDAX Hikari detector. Data was collected using EDAX OIM data collection software and analyzed using EDAX OIM Data Analysis software package. Carbon content was analyzed using a combustion process from Galbraith Laboratories, Inc. using ASTM [D513](astm:D513){#intref0015} (B) modified standard, which determines total or dissolved carbon present as carbon dioxide, carbonic acid, bicarbonate ion, and carbonate ion in water within the specimen \[[@bib32]\]. Magnetic properties of printed and sintered samples were measured using a Quantum Design magnetic property measurement system. In addition, the DC and AC core loss properties of both sintered and annealed ring sample geometries were measured using the DC Hysteresisgraph Remagraph model 500C and AMH-20K--S AC/DC Hysteresisgraph, respectively. Both the AC and DC measurements were performed based on the ASTM standards A773/A773M and A927/A927 M \[[@bib33], [@bib34]\]. Mechanical properties were measured with sheet specimen-three tensile specimens with an Instron 4465 using ASTM [E8](astm:E8){#intref0020}/E8M-16a \[[@bib35]\]. Vickers hardness measurements were performed using a LECO LM 110 A T apparatus under a 0.3 kgf load.

3. Results and discussion {#sec3}
=========================

BJAM successfully yielded Fe--6Si green parts with 58% bulk density as presented in [Table 1](#tbl1){ref-type="table"} and with net shaping as shown in [Fig. 2](#fig2){ref-type="fig"}. Sintering the green parts produced highly dense parts with diametral linear shrinkage near 20% as shown in [Table 1](#tbl1){ref-type="table"}. Final parts were fully sintered and had no cracks as shown in [Fig. 2](#fig2){ref-type="fig"}. The same process was used for fabricating test specimens for magnetic and mechanical properties but in their respective geometries. The carbon content of the powder was measured and is reported in [Table 1](#tbl1){ref-type="table"} and there was a small increase (0.25 wt.%) in carbon content after sintering, which results from the binder used for printing.Table 1Properties of printed and sintered Fe--6Si including density, shrinkage, grain size, hardness, and carbon content.Table 1PropertyResultTheoretical Density of Fe-6.5%Si (g/cm^3^)7.48Green Density (g/cm^3^, %TD)4.2, 58 (geometric only)Final Density (g/cm^3^, %TD)7.31, 99 (Archimedes only)Shrinkage (linear %)20Grain size from EBSD after sintering (μm)56.3 ± 32.8Grain size after sintering and annealing in H~2~ (μm)61.1 ± 35.9Hardness (GPa)3.92 ± 0.12Carbon content of powder (wt.%)0.010Carbon content after sintering (wt.%)0.247

[Fig. 3](#fig3){ref-type="fig"} shows the XRD patterns of the as-received powder and printed parts that have gone through the processing steps outlined in [Fig. 2](#fig2){ref-type="fig"}. The cubic phase was observed in both starting powders and the final sintered part. No major change in the peak intensity for the printed samples suggest no major changes observed during processing. The peaks of printed and sintered samples are sharper compared to the powder, which is attributed to an increase in grain size or strain effect. In this case, residual stresses were most likely relieved during post-annealing. Even though the XRD patterns do not show the presence of B2 and D0~3~ phases, these phases may be present below the detection limit of X-ray diffraction equipment. [Fig. 4](#fig4){ref-type="fig"} shows the SEM images of the microstructure of sintered and heat-treated Fe--6Si specimens. [Fig. 4](#fig4){ref-type="fig"}a is after sintering only and [Fig. 4](#fig4){ref-type="fig"}b is after sintering followed by annealing. The material had some needle-like structures in the grains of the microstructure after sintering, as pointed out by the black arrow in [Fig. 4](#fig4){ref-type="fig"}a, which are possibly Fe~2~Si, ferrite, or SiC.Fig. 3XRD patterns of powder and final part taken through the process steps outlined in [Fig. 2](#fig2){ref-type="fig"}.Fig. 3Fig. 4SEM images in backscatter mode of (A) final part sintered to near full density and (B) the same material annealed in H~2~.Fig. 4

The needle-like structures were absent after annealing in H~2~. There was some porosity present within grains and at grain boundaries as indicated by the circular, smaller black hue in both samples. Some of the more irregular black spots are most likely carbide phase as pointed out by the white arrows. [Fig. 5 (A)](#fig5){ref-type="fig"} shows the SEM image of the H~2~ annealed sample. [Fig. 5 (B)--(D)](#fig5){ref-type="fig"} present the Energy-dispersive X-ray Spectroscopy (EDS) mapping images of C, Fe, and Si. The presence of C was confirmed in [Fig. 5 (B)](#fig5){ref-type="fig"}. The formation of carbide phase is most likely from carbon residue that is left behind from the polymer binder after pyrolysis or burnout.Fig. 5(A) SEM image of the H~2~ annealed sample at 800 °C for 2 h (B)--(D) EDS elemental mapping images of C, Fe, and Si, respectively.Fig. 5

[Fig. 6](#fig6){ref-type="fig"} shows EBSD data on Fe--6Si samples that were sintered and sintered plus annealed in H~2~ gas atmosphere at 800 °C for 30 min. Grain sizes and orientations were mapped with inverse pole figures (IPF) as in [Fig. 6](#fig6){ref-type="fig"}a and c and pole figure texture plots in [Fig. 6](#fig6){ref-type="fig"}b and d. The average grain size was 56.3 ± 32.8 μm for the sintered sample and 61.1 ± 35.9 μm for the sample sintered and annealed in H~2~ gas as reported in [Table 1](#tbl1){ref-type="table"}. The average grain size increased by roughly 10% during annealing. The IPF and texture plot both show a lack of specific texture components commonly associated with cubic materials. The maximum texture intensity is roughly 2.80 × random in the sintered sample and roughly 3.5 × random in the sintered plus annealed sample. [Fig. 7](#fig7){ref-type="fig"} shows the saturation magnetization (Ms) value of the sintered Fe--6Si sample measured at 20 °C using a SQUID magnetometer. The saturation induction is about 1.83 T, which is equivalent to the bulk sample produced by CVD \[[@bib16]\]. The coercivity of the Fe6Si sample is about 0.5 Oe which shows its highly soft magnetic characteristics. [Fig. 8](#fig8){ref-type="fig"}a shows the Fe--6Si ring specimens made with BJAM followed by sintering and annealing in H~2~ at 800 °C. The stator teeth sample was wound with a multistrand Litz wire to measure the DC and AC magnetic property measurements as shown in [Fig. 8](#fig8){ref-type="fig"}b. The hysteresis loop measured at a field of up to 60 Oe and the corresponding maximum permeability is shown in Figs. [8](#fig8){ref-type="fig"}c and 8d, respectively. The hysteresis curve shows the square loop behavior with a low coercivity of 0.4 Oe and the maximum permeability of about 10,700. The permeability can be tuned further either by increasing the grain size or reducing the thickness of the stator ring. The printed stator rings can be sliced further into thinner parts, or thinner parts can be printed. The print thickness of 0.1016 mm which is equivalent to the CVD produced commercially available electrical steel was not tested here. [Fig. 9](#fig9){ref-type="fig"} shows the initial magnetization curve of the as-sintered and H~2~ annealed samples. After annealing, the remanence was increased at a very low applied field, which enhanced the squareness of the hysteresis loop, a required parameter for many power electronic applications. [Fig. 10](#fig10){ref-type="fig"} shows the electrical resistivity of the H~2~ annealed sample measured up to 300 K using a four-probe method. The electrical resistivity was about 98 μΩ cm, which is slightly higher than the value of the CVD produced 6.5% Si steel (82 μΩ.cm) \[[@bib16]\]. The presence of a small percentage of carbon and porosity may have enhanced the electrical resistivity of the sample as evidenced in Figs. [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} (see [Fig. 10](#fig10){ref-type="fig"}).Fig. 6(A) Inverse pole figure and (B) associated $001$ pole figure of the sintered Fe--6Si sample showing lack of texture (C) Inverse pole figure and (D) associated $001$ pole figure of the sintered plus annealed in H~2~ gas sample showing lack of texture and higher texture factor compared to the sample that is only sintered.Fig. 6Fig. 7Hysteresis loop of the sintered BJAM Fe--6Si alloy measured at room temperature.Fig. 7Fig. 8(a) Fe--6Si ring specimens made with BJAM followed by sintering and annealing in H~2~. (b) Sample wound with a multistrand Litz wire for the DC and AC magnetic property measurements. (c) and (d) represent the full hysteresis square loop measured at low field and its corresponding maximum permeability.Fig. 8Fig. 9Initial magnetization curve of the as-sintered and annealed BJAM Fe--6Si sample.Fig. 9Fig. 10Electrical resistivity of the BJAM sintered Fe--6Si sample.Fig. 10

[Table 2](#tbl2){ref-type="table"} shows data of the AC core loss measured at 60 Hz as a function of applied magnetic field for three different sample conditions: as sintered, annealed in H~2~ at 750 °C for 2 h, and annealed in H~2~ at 800 °C for 2 h. For each applied field, it is shown that annealing is progressively better for the core loss as each case has lower core loss. [Table 3](#tbl3){ref-type="table"} shows AC core loss data as a function of frequency and applied field for three different sample conditions: as sintered, annealed in H~2~ at 750 °C for 2 h, and annealed in H~2~ at 800 °C for 2 h. At 10 kHz and 20 kHz, the core loss of the annealed samples was significantly reduced compared with the as-sintered sample. This may be due to the increase of density, reduction of porosity, reduction of impurity phases, and grain growth. There is either no or small improvement by increasing the annealing temperature by 50°. Note that the core loss depends on the thickness of the sample and, hence, one can reduce the core loss further by making a thin stator using the binder jet method and the work is in progress.Table 2Fe--6Si AC core loss in Watts/kg. measured at a fixed frequency of 60 Hz at various applied fields. The dimensions of the stator ring: OD = 33.32 mm, ID = 21.77 mm and thickness = 1.02 mm". Density = 7.31 g/cm^3^.Table 2B~m~ (T)Corr loss of as-printed and sinteredCorr loss of sintered and further post-annealed in H~2~ at 750 °C, 2 hCorr loss of sintered and further post-annealed in H~2~ at 800 °C, 2 h0.52.771.961.87114.9914.2313.991.539.3741.6441.34Table 3Fe--6Si core loss in Watts/kg. measured at different frequencies and applied fields (Tesla). The dimensions of the stator ring: OD = 33.32 mm, ID = 21.77 mm and thickness = 1.02 mm. Density = 7.31 g/cm^3^.Table 3Frequency (Hz)B (T)SinteredSintered and annealed in H~2~ at 750 °C, 2 hSintered and annealed in H~2~ at 800 °C, 2 h600.52.771.961.874000.567.0663.4962.8510000.5362371372100000.1293.63261259.5200000.05177.51146.03144.4

[Fig. 11](#fig11){ref-type="fig"} shows the data from mechanical testing of tensile specimens. The slip mechanisms proposed for B2 and D0~3~ lattices deteriorate the mechanical properties \[[@bib36]\], so it is important to test the mechanical properties and compare to the current material. The maximum strain is 2.9 ± 0.5% and the maximum stress is 434 ± 68 MPa. This stress is most likely the ultimate tensile stress because there appears to be a lack of a linear region where a yield stress could be extracted. Compared to Fe--Si with similar Si content and annealing, the current data has similar strength but lower strain \[[@bib16]\]. This is likely because the material is inherently more brittle or there are sizing effects with the geometry tested.Fig. 11RT tensile curves of 0.5 mm thick tensile specimens of sintered Fe--6Si samples.Fig. 11

4. Conclusion {#sec4}
=============

This study demonstrates a novel method to fabricate near net shape, fully dense soft magnetic Fe--6Si stators through binder jet additive manufacturing followed by solid state sintering to mitigate cracking. Nearly 99% dense parts with no cracks, an ultimate tensile strength of 434 MPa, and electrical resistivity of 98 μΩ cm, saturation magnetization of 1.83 T, a low coercivity of 0.4 Oe, a maximum relative permeability of 10.500 for 1.02 mm thick samples were achieved. The printed Fe--6Si parts have several advantages such as reduction in core loss at low, medium, and high frequencies, high resistivity and good magnetic permeability. The reported method shows great promise for fabricating all 3D printed motors with improved efficiencies.
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